Several arenaviruses including LASV can cause severe viral haemorrhagic fevers in humans with high morbidity and mortality, to which there is no vaccine and limited treatments [@R1],[@R11]-[@R13]. These pathogenic arenaviruses are public health threats and potential biological threat agents. LASV, like other arenaviruses, is a single-stranded ambisense RNA virus with two genomic RNA segments encoding four genes[@R1]. The NP encapsidates viral genomic RNAs into ribonucleoprotein (RNP) complexes and is required for both RNA replication and transcription[@R2]-[@R4]. Like bunyaviruses and orthomyxoviruses, arenaviruses snatch the cap structure of cellular mRNAs to use as primers to initiate viral transcription, the exact mechanism of which is unknown. The cap snatching mechanism of arenaviruses seems to be unique, as evidenced by the cytoplasmic localization and the much shorter 5′ nontemplated mRNA sequences[@R14]-[@R17]. Severe arenavirus infections including lethal Lassa cases are associated with a generalised immune suppression in the infected hosts[@R18]-[@R24], the exact mechanism of which is unclear but is thought to involve NP's ability to suppress the induction of type I IFN[@R5],[@R6]. To address the functional mechanisms of NP in viral RNA synthesis and host immune suppression, we set out to determine the crystal structure for LASV NP, knowledge derived from which can be extended to other arenavirus NP proteins, as all known arenaviral NP proteins share high sequence identity ([Supplementary Fig. S1](#SD1){ref-type="supplementary-material"}).

Structure determination {#S1}
=======================

The full-length 569-residue LASV NP protein (Josiah strain) was expressed and purified as a recombinant MBP fusion protein in *E. coli* as described in Methods. The purified protein exists mainly in two forms, with a majority in trimeric and some in hexameric form. Both forms bind random RNAs, which are longer and more abundant in the hexamers than in the trimers, a feature that is similar to known NPs from negative-strand RNA viruses[@R7]-[@R10]. We attempted to crystallise both forms, but only the trimeric NP formed crystals. The crystals showed heavy twining with a twin fraction of \~0.43 and \[E^2^-1\] 0.681/0.681. Initial phases were obtained in a space group of P321 using the Multiple wavelength Anomalous Diffraction (MAD) with Samarium derivative. The true space group was P3 with three subunits in an asymmetric unit. The structure was refined to a resolution of 1.80 Angstrom (Å) with detwining. The crystal structures do not contain RNA, indicating that only RNA-free NP was able to form crystals. The final structural model of the native LASV NP has an R~factor~ of 0.18 and an R~free~ of 0.20. Data collection, phasing, and refinement statistics are provided in [Supplementary Table S1](#SD1){ref-type="supplementary-material"}.

Overall structure of LASV NP protein {#S2}
====================================

In the NP protomer structure, 514 residues of the 569-residue LASV NP protein were built into the model ([Fig. 1a](#F1){ref-type="fig"}). The electron densities for residues 1 to 6, 147 to 157, 339 to 363, 518 to 521, 562 to 569 were not well defined. LASV NP protomer, like other viral NPs[@R7]-[@R10], is composed of the N- and the C-terminal domains ([Fig. 1a](#F1){ref-type="fig"}), but neither domain shows structure similarity to any known viral NPs ([Supplementary Table S2](#SD1){ref-type="supplementary-material"}). The large N domain (residues 7 to 338) consists mainly of alpha helices and coils, while the C domain (residues 364 to 561) forms a typical α/β/α sandwich architecture ([Fig.1a](#F1){ref-type="fig"} and [Supplementary Text S1](#SD1){ref-type="supplementary-material"}). Surface rendering reveals a deep cavity located near the bottom of the N domain and a large cavity at the top of the C domain ([Fig. 1c and 1d](#F1){ref-type="fig"}), which are the cap-binding site and the 3′ to 5′ exoribonuclease active site (see below), respectively. In the trimeric form, three subunits lie in a head-to-tail orientation to form a ring-shaped structure with a three-fold symmetry ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Fig.S2](#SD1){ref-type="supplementary-material"}). The interface area between the subunits is 455 Å^2^, representing 1.9 % of total surface area of a subunit (23343 Å^2^). The central hole of the trimeric structure is 23 Å in diameter, while the head ring is 98 Å and the body ring is 118 Å ([Supplementary Fig.S2](#SD1){ref-type="supplementary-material"}).

LASV NP is a 3′-5′ exoribonuclease {#S3}
==================================

A Dali search (<http://ekhidna.biocenter.helsinki.fi/dali_server>) identified several structures similar to the C domain of NP, including several known 3′ to 5′ exonucleases/exoribonucleases in bacteria and humans (e.g., human TREX1) ([Supplementary Text S2](#SD1){ref-type="supplementary-material"}), all of which belong to the DEDDH subfamily of the DEDD (DnaQ) superfamily[@R25]-[@R27]. The human TREX1 structure shows two Mn^2+^ cations in the active site[@R27]. We identified one Mn^2+^ in each subunit of LASV NP by crystal fluorescent scanning, but could not identify the second Mn^2+^, possibly because it was not well ordered in the absence of the RNA substrate. The C domain of NP superimposes well with the portion of TREX1 that coordinates the Mn^2+^ cations ([Fig. 2a](#F2){ref-type="fig"}), in particular the β5, β6, β7, β8 and β9 strands of NP completely overlap with the central β sheets of TREX1. The putative exonuclease catalytic residues D389, E391, D466, D533 and H528 are absolutely conserved in all known arenavirus NP proteins and are located at identical positions as in the TREX1 active cavity ([Fig. 2b](#F2){ref-type="fig"}). Taken together, the structural evidence suggests that LASV NP is a new member of the DEDD 3′-5′ exonuclease superfamily.

We conducted in vitro assays to characterise the 3′- 5′ exonuclease activity of the wild-type (WT) LASV NP, as well as NP mutants at putative catalytic sites. We showed that the WT protein, in its trimeric or hexameric form, could digest both DNA and RNA substrates ([Supplementary Figs. S3 and S4](#SD1){ref-type="supplementary-material"}). As divalent cations are essential for exonuclease activity[@R25], we determined what divalent cation was most effective for NP exonuclease to digest various single-stranded RNA (ssRNA) species that are based on the NP gene in either viral genomic sense (60 nts, vRNA), complementary antigenomic sense (30 nts, cRNA), or in capped mRNA form (126 nts, mRNA) ([Methods](#SD5){ref-type="supplementary-material"}). We showed the order of efficiency as Mn^2+^ \>Co^2+^\> Mg^2+^ \>Ca^2+^ \>Zn^2+^ \>Fe^2+^\>Ni^2+^\>Cu^2+^ ([Supplementary Fig. S5](#SD1){ref-type="supplementary-material"}). WT NP could cleave various ssRNA species efficiently ([Fig. 2c](#F2){ref-type="fig"}), regardless of whether they contained a hydroxyl (5′OH) group, triphosphate (5′ppp), or a cap at the 5′ termini ([Methods](#SD5){ref-type="supplementary-material"}). In contrast, the NP catalytic mutants (D389A, E391A, and D466A) showed markedly reduced ribonuclease activity ([Fig. 2c](#F2){ref-type="fig"} and [Supplementary Fig. S4](#SD1){ref-type="supplementary-material"}). In addition, we showed that WT NP, but not its catalytic mutants, could digest cellular RNA substrates in vitro with a preference toward short RNA species over long ones (e.g., 18s rRNA vs. β-globin mRNA, the large vs. small fragments in the RNA ladder) ([Supplementary Figs. S6 and S7](#SD1){ref-type="supplementary-material"}).

Fluorescence scanning analysis identified a zinc ion in the NP structure, despite the fact that no typical zinc finger motif was predicted from the amino acid sequence and that no zinc compounds were used during the purification and crystallisation processes. Although the residues C506, C529, H509 and E399 that coordinate the zinc ion are not of the typical zinc-binding motif[@R28], they appear to adopt a zinc finger fold in structure[@R28],[@R29]. The CCHE zinc-binding site is located in the C domain near the 3′-5′ exonuclease active site ([Supplementary Fig. S8](#SD1){ref-type="supplementary-material"}). We speculate that zinc binding may be required to stabilise the structure of the C domain and/or contribute to the substrate binding and specificity of the exonuclease activity[@R28],[@R29]. A highly positively-charged groove located between the N- and C-domains is predicted as the genomic RNA-binding site ([Supplementary Fig. S9](#SD1){ref-type="supplementary-material"}). In vitro assay confirmed that RNAs are bound within the purified NP oligomers and protected from its intrinsic exonuclease activity ([Supplementary Figs.S9, S10, Text S3 and method S1](#SD1){ref-type="supplementary-material"}).

Exonuclease and immune evasion {#S4}
==============================

To determine whether the exoribonuclease activity is important for the transcriptional function of NP, we generated alanine substitution at five putative catalytic sites, D389A, E391A, D466A, D533A and H528A, in the mammalian cell expression vectors of either native or myc-tagged NP gene, and examined the activity of each mutant in transcribing the LASV mini-genome RNA that encodes a renilla luciferase (RLuc) reporter gene[@R6] ([Methods](#SD5){ref-type="supplementary-material"}). As shown in [Fig. 3a](#F3){ref-type="fig"}, each NP mutant expressed comparable protein levels to the WT, and led to similar folds of increase in RLuc activity, suggesting that these mutations did not alter the overall structure ([Supplementary Text S4](#SD1){ref-type="supplementary-material"} and [Supplementary Fig. S11](#SD1){ref-type="supplementary-material"}) or affect the basic function of NP in mediating viral RNA transcription.

We next examined whether the exoribonuclease activity is required for NP's function in the IFN suppression[@R5],[@R6]. As expected, WT NP strongly inhibited Sendai virus-induced IFN-beta activation by a promoter assay ([Methods](#SD5){ref-type="supplementary-material"}), whereas all the catalytic mutants D389A, E391A, D466A, D533A, and H528A showed a complete loss of function at a low level of transfected expression vectors (10 ng) and showed various levels of deficiency at higher levels ([Fig. 3b](#F3){ref-type="fig"} and [Supplementary Fig. S12](#SD1){ref-type="supplementary-material"}). Our results confirm a previous study showing that the D389 residue of LASV NP, as well as its corresponding residue D382 in the prototypic arenavirus lymphocytic choriomeningitis virus (LCMV), is required for the IFN suppression but not for viral RNA transcription[@R30], and may help to explain the loss of IFN suppression for Tacaribe virus NP ([Supplementary Fig S13, and Text S5](#SD1){ref-type="supplementary-material"}). In summary, these data provide strong genetic evidence for an important role of the NP exoribonuclease activity in suppressing the IFN induction.

Viral infections are usually detected by the cellular pattern-recognition receptors (PRRs) such as toll-like receptors (TLRs) and cytosolic RNA sensors, retinoid acid-inducible gene-I-like helicase (RIG-I) and melanoma differentiation-associated protein 5 (MDA-5), which recognise the pathogen-associated molecular patterns (PAMP) RNA ligands and initiate signalling pathways to induce the production of type I IFNs [@R31],[@R32]. We hypothesise that NP prevents the virus-induced IFN induction by degrading the PAMP RNA ligands that otherwise would trigger the viral sensors in the cells. We show that WT NP, but not its catalytic mutants (D389A, E391A, and D466A), can efficiently degrade different ssRNA substrates ([Fig. 2c](#F2){ref-type="fig"}) and various dsRNA molecules with 5′-hydroxyl (5′-OH), single 5′-triphosphorylate (5′-ppp/5′-OH), and double 5′-triphosphorylate (5′-ppp/5′-ppp), as well as long dsRNA mimics poly(I:C) ([Figs. 2d](#F2){ref-type="fig"} and [Supplementary Fig. S14](#SD1){ref-type="supplementary-material"}).

We examined whether the NP ribonuclease function is essential for suppressing the IFN production induced by the immunostimulatory RNAs, i.e., poly(I:C) and the virion RNAs extracted from Pichinde virus, which is a prototypic arenavirus[@R33]. We found that whereas WT NP efficiently inhibited the IFN-beta activation induced by poly(I:C) or by Pichinde virion-associated RNAs, none of the 5 catalytic mutants (D389A, E391A, D466A, D533A, and H528A) exhibited any suppressive activity ([Fig. 3c](#F3){ref-type="fig"}). Similar results had been reported for LCMV NP [@R34].

In summary, we have shown that the NP exoribonuclease activity is essential for suppressing both viral infection-induced and immunostimulatory RNAs-induced IFN production. A good example of the exonuclease function in suppressing the IFN production has been demonstrated for human TREX1 protein, which degrades small ssDNAs and dsDNAs accumulated during cellular apoptosis. Failure to clear these DNA fragments by TREX1 natural mutants lead to the activation of cellular DNA receptors to trigger a persistent production of IFNs that contribute to human autoimmune diseases[@R27],[@R35]-[@R38]. How does the NP ribonuclease activity function in suppressing the virus-induced IFN production? A simplistic but reasonable model is that the NP ribonuclease activity is able to remove viral PAMP RNAs that are otherwise recognised by the cellular PRRs. Although we have shown that LASV NP protein can degrade various RNA templates in vitro, we believe that the NP ribonuclease activity must be highly regulated in vivo, as NP does not cause a generalised non-specific RNA degradation process of cellular or viral RNAs in the cells ([Supplementary text S6](#SD1){ref-type="supplementary-material"} and [Fig. S15](#SD1){ref-type="supplementary-material"}). We propose that the NP ribonuclease activity in the cells is restricted to viral PAMP RNAs through a yet-to-be characterised regulatory mechanism. A recent publication has shown a direct protein-protein interaction of NP with RIG-I and MDA5[@R34], which may be one possible mechanism for the specific nuclease activity of NP against these PRRs-associated PAMP RNAs.

LASV NP is a cap binding protein {#S5}
================================

The N domain adopts a completely novel fold not found in the Dali server. In order to identify the cap-binding residues in the deep cavity of the N domain, we attempted to soak and perform co-crystallization of LASV NP with m7GpppG, triphosphorylated, diphosphorylated or monophosphorylated ribonucleotides ([Methods](#SD5){ref-type="supplementary-material"}). We could observe the clear density for the triphosphate and partial density for uridine ([Supplementary Fig. S16](#SD1){ref-type="supplementary-material"}) from the triphosphorylated ribonucleotide complex structures. We also visualized the structure of NP in complex with dTTP with a clear original Fo-Fc electron density contoured at 2.5 σ for dTTP ([Fig. 4a](#F4){ref-type="fig"}). The triphosphate group of dTTP was bound in the middle of the cavity in an identical manner as that of UTP ([Supplementary Fig. S16](#SD1){ref-type="supplementary-material"}), in which it was anchored by salt bonds formed with the side chains of the conserved residues K309, R300, R323, and K253 ([Fig. 4a](#F4){ref-type="fig"}). In the deep end of the cavity, thymidine occupied a hydrophobic pocket that is composed of residues F176, W164, L172, M54, L120, L239, and I241. We propose that this dTTP-binding pocket is the binding site for the cap structure m7GTP and that the residues located within the pocket may have to change conformation in order to accommodate the cap moiety. Although the N domain of NP is not structurally similar to any of the cap-binding proteins ([Supplementary Table S3](#SD1){ref-type="supplementary-material"}), its hydrophobic thymidine-binding pocket shares common features for cap binding[@R39],[@R40]. Moreover, the NP cap-binding cavity has a unique feature in that its entrance contains another hydrophobic region that is composed of the hydrophobic residues Y319, Y209, Y213, L265 and the acidic residue E266, which can potentially act as the binding site for the second base of the m7GpppN (N represents G, C, U or A) cap structure. The entrance of the cap-binding cavity has an oval shape with a diameter of 9 - 13 Å, which is a perfect fit for the single-stranded mRNA. We propose that a loop composed of residues K236 to S242 serves as a "gate" for the capped template (primer) binding and that the entire structure of m7GpppN, including the cap m7G, the triphosphate, and at least one more nucleotide, is embedded within the deep cavity. This binding feature is unlike other known cap-binding proteins, in which only the m7G caps are locked in between the sandwich, while the rest of the molecules is exposed[@R39],[@R40].

To characterize the role of the cap-binding residues in viral RNA transcription, we examined a panel of NP mutants with alanine substitution of residues located inside and at the entrance of the cavity and are conserved among all known arenaviruses for their ability to mediate the cap-dependent viral RNA transcription using the LASV mini-genome replicon assay ([Methods](#SD5){ref-type="supplementary-material"}). WT NP (with or without myc tag) produced up to 1000 fold increase in RLuc reporter activity over a control reaction, and more than 100 fold increase even when expressed at a low level (15 ng of transfected NP plasmid DNAs) ([Figure 4c](#F4){ref-type="fig"}). All mutant proteins were expressed at similar levels as the WT transfected with 15 to 30 ng of plasmid ([Fig. 4b](#F4){ref-type="fig"}). Compared to the WT, the K253A and E266A mutants completely lost the RNA transcription activity, and the Y319A, F176A, W164A, K309A, and R323A mutants showed significantly decreased activity ([Fig. 4c](#F4){ref-type="fig"}). R300A had a minor effect, while W12A and Y209A had no effect ([Fig. 4c](#F4){ref-type="fig"}). It is worth noting that none of these mutants was found to impact the NP function in the IFN suppression ([Supplementary Fig. S17](#SD1){ref-type="supplementary-material"}). These functional data correlate well with the proposed cap-binding function of some of these conserved residues.

The unique cap-binding feature of LASV NP in that the entire cap structure m7GpppN is buried within the cavity has significant implications in understanding the distinctive cap snatching mechanism of arenaviruses. Once NP binds and protects the 5′ cap m7GpppN, the rest of mRNA molecule located outside of the cavity may be susceptible to viral and/or host exonuclease-mediated degradation and/or to endonuclease-mediated cleavage ([Supplementary Fig. S9](#SD1){ref-type="supplementary-material"}). This may help explain the relatively short (1-4 nt) 5′ non-templated sequences in arenavirus mRNAs[@R1],[@R14],[@R15]. However, individual mutation of the NP exonuclease catalytic sites did not show any defect in viral cap-dependent RNA transcription ([Fig. 3a](#F3){ref-type="fig"}), suggesting that the NP exonuclease activity is not essential (required) for generating the capped primers. It is worth noting that we did not identify an influenza PA-like endonuclease structural motif [@R41],[@R42] within LASV NP structure ([Supplementary Table S4](#SD1){ref-type="supplementary-material"}). Instead, recent studies suggested that LASV L polymerase protein contains an endonuclease domain in its N terminus that is crucial for the cap-dependent viral RNA transcription[@R43],[@R44].

Conclusion {#S6}
==========

Our structural analysis and functional assays have demonstrated that the C domain of LASV NP contains 3′-5′ exoribonuclease activity that is required for suppressing the IFN-beta induction. We have provided evidence to suggest that the NP ribonuclease activity is highly regulated in the cells and proposed a novel mechanism by which the NP ribonuclease activity may specifically remove the viral PAMP RNA ligands in order to suppress the IFN production. Another important feature of LASV NP protein is that its N domain contains a deep cavity to bind and shield the entire m7GpppN cap structure, which is distinct from other known cap-binding proteins, and has shed important lights on the unique cap-snatching mechanism of arenaviruses. In addition, we have also identified an unusual zinc-binding site and the viral RNA-binding groove in the LASV NP structure. Taken together, these novel findings reveal several new and potentially vulnerable targets on NP for the development of antivirals and effective vaccines to combat LASV and other pathogenic arenaviruses that can cause severe hemorrhagic fever diseases in humans.

Method Summary {#S7}
==============

The crystals were grown using the sitting drop, and the native structure was determined with the MAD data. All the NP mutations were generated using QuickChange site-directed mutagenesis kit (Stratagene) and confirmed by DNA sequencing. The RNA synthesis assays used the LASV mini-genome (MG) system, and the Sendai virus-induced IFN-beta activation assay was conducted as described [@R45]. The immunostimulatory RNAs-induced IFN-beta activation assay was conducted by transfecting HEK293 cells with the IFNbeta-LUC promoter construct and either WT or mutant NP construct, followed by Lipofectamine 2000-mediated transfection of poly(I:C) or Pichinde virion-isolated RNAs. Activation of the IFNbeta promoter was quantified by measuring the LUC activity.
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![The crystal structure of LASV NP protein\
**a**, Cartoon diagram of the LASV NP protomer. N domain in cyan with cyan sphere indicating the N terminus, C domain in orange with orange sphere indicating the C terminus. Black sphere shows Mn^2+^, while blue sphere shows Zn^2+^. The dotted lines represent the disordered loops. **b**, The ring-shaped structure of LASV NP trimer. The first protomer coloured as in (a), the second protomer in blue and the third in magenta. The groove and the interface are indicated by arrows. **c**, Electrostatic surface potential map of the NP protomer. The entrance of the cap-binding cavity shown as white dotted circle. The blue area represents positively charged residues and the red area represents negatively charged residues. **d**, Electrostatic surface potential map of the 3′-5′ exoribonuclease cavity. The black sphere represents Mn^2+^.](nihms-248194-f0001){#F1}

![The C domain of LASV NP protein is a 3′-5′ exoribonuclease\
**a**, Superimposition of the C domain (orange) with human TREX1 protein (green) reveals a high degree of similarity between the two structures.The Mn^2+^ in black in LASV NP and in red in TREX1, the Zn^2+^ in blue. **b**, The exonuclease catalytic residues of LASV NP and TREX1 are located to identical positions, and shown in orange for NP and in green for TREX1. **c**, The exoribonuclease activities of the WT and mutant LASV NP with different ssRNAs as substrates. Control 1 contains 10 mM EDTA and no NP. Control 2 contains 10 mM EDTA and NP. **d**, Comparison of the WT and NP catalytic mutants in degrading the dsRNA substrates, the 5′-hydroxyl dsRNA (upper), double 5′ triphosphorylated dsRNA (middle), and the single 5′ triphosphorylated dsRNA (lower).](nihms-248194-f0002){#F2}

![The exonuclease activity of NP is important for blocking the IFN induction\
Results shown are the average (n=3) with error bars indicating the standard deviations. **a**, The NP catalytic mutants were expressed at similar levels to the WT in mammalian cells and had similar transcriptional activities in the LASV minigenome assay. **b**, The NP catalytic mutants were defective in suppressing the Sendai virus-induced IFN induction by a LUC-based IFNbeta promoter assay. **c**, The NP catalytic mutants were defective in suppressing the IFN production induced by the immunostimulatory RNAs, poly(I:C) and Pichinde virion-associated RNAs.](nihms-248194-f0003){#F3}

![The cap-binding residues and their roles in viral RNA transcription\
Results shown are the average (n=3) with error bars indicating the standard deviations. **a**, A cap analog dTTP is bound within the deep cavity of the N domain of LASV NP. Original Fo-Fc map for the dTTP in blue contoured 2.5 σ. The F176 and W164 or L172 (L120) residues form a typical cap-binding sandwich structure. The middle cavity binds the triphosphate moiety and the hydrophobic cavity entrance can accommodate the second base of the cap structure. **b**, The NP mutants were expressed at similar levels as the WT at 15 to 30 ng plasmid (WT-15, WT-30) in the transfected mammalian cells. **c**. Mutational analyses of the residues within the cap-binding cavity for the transcriptional activity using the LASV minigenome assay.](nihms-248194-f0004){#F4}
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